the periodontal ligament (pDL) maintains the environment and function of the periodontium. the PDL has been remodelled in accordance with changes in mechanical loading. Three-dimensional (3D) structural data provide essential information regarding PDL function and dysfunction. However, changes in mechanical loading associated with structural changes in the pDL are poorly understood at the mesoscale. This study aimed to investigate 3D ultrastructural and histomorphometric changes in PDL cells and fibres associated with unloading condition (occlusal hypofunction), using focused ion beam/scanning electron microscope tomography, and to quantitatively analyse the structural properties of PDL cells and fibres. PDL cells formed cellular networks upon morphological changes induced via changes in mechanical loading condition. Drastic changes were observed in a horizontal array of cells, with a sparse and disorganised area of collagen bundles. Furthermore, collagen bundles tended to be thinner than those in the control group. FIB/SEM tomography enables easier acquisition of serial ultrastructural images and quantitative 3D data. This method is powerful for revealing 3D architecture in complex tissues. our results may help elucidate architectural changes in the pDL microenvironment during changes in mechanical loading condition and regeneration, and advance a wide variety of treatments in dentistry.
or unloading), PDL and bone remodelling occurs, causing tooth movement. In clinical dentistry, tooth movements including tooth extrusion are often exploited for orthodontic, periodontal, and bone formation treatment. Extrusion of a tooth with loss of antagonist (opposing tooth) often occurs.
Proper comprehension of the targeted normal tissue is important for a more effective treatment. Data from three-dimensional (3D) structural analyses help determine structure-function and structure-dysfunction relationships. However, structural changes in the PDL associated with changes in mechanical loading are poorly understood on a mesoscale 9 since such assessments are challenging when using only conventional methods.
Three-dimensional (3D) imaging methods have been recently developed including 3D direct visualisation via high-resolution micro-CT 10, 11 , deep multi-photon imaging 12 , serial block face imaging, and scanning electron microscopy (SEM)-based quantitative analysis 13 . Novel 3D methods may provide novel insights into various tissues. Hence, newer 3D imaging analyses of PDL structure on a mesoscale may help elucidate changes in the 3D architecture associated with changes in mechanical loading.
Focused ion beam-SEM (FIB/SEM) tomography has recently been developed as a novel analytical method 14, 15 , thus enabling higher-resolution imaging and quantitative analysis of structural properties. We previously reported the 3D ultrastructure of organelles 15, 16 and tissues 17, 18 , including normal PDL cells 19 and fibres 20 via FIB/ SEM tomography.
In this study, we investigated 3D ultrastructural and histomorphometric changes in PDL cells and fibres associated with changes in mechanical loading condition (from loading to unloading; occlusal hypofunction) via FIB/ SEM tomography.
Results
Single section analysis using FIB/SEM (block face imaging). In both the control and experimental groups, PDL cells were spindle-shaped and displayed a parallel orientation to the PDL collagen fibres. Their processes segregated each collagen bundle. Cells were in contact with adjacent cells. The area of direct intercellular contact was narrow (Fig. 1) .
The cell surface was smooth in the control group ( Fig. 1a-1~3 ). In contrast, small cellular processes were significantly more numerous in the experimental group than in the control group ( Fig. 1b-1~3 ).
In the area of horizontal fibres in the experimental group, osteoblast-like cells were observed on the surface of alveolar bones ( Fig. 1b-1 ; arrows).
Collagen bundles were sparse and disorganised in each area of the experimental group ( Fig. 1b-1~3 ), although collagen bundles tended to be dense in each area of the control group ( Fig. 1a-1~3 ).
Figure 1.
Single sections imaged via electron microscopy (EM). In both groups, periodontal ligament cells were spindle-shaped and parallelly oriented to the collagen bundle. Cellular processes were observed among the PDL fibres. Cells interacted with adjacent cells (white circle). The area of cellular interaction, which was in contact with other surrounding cells, was narrow. (a-1~3) Collagen bundles tended to be dense in each area of the control group. (b-1~3) Collagen bundles were disorganised in each area of the experimental group. In the area displaying horizontal fibres in the experimental group, osteoblast-like cells were observed on the surface of the alveolar bone (arrows). ab, alveolar bone; PDL, periodontal ligament; c, cementum. Scale bars: 10 μm for all panels. www.nature.com/scientificreports www.nature.com/scientificreports/ Collagen bundles were sparse and disorganised throughout the experimental group ( Fig. 3 ), although they tended to be dense in each area in the control group ( Fig. 2) as observed during single section analysis. FIB/SEM tomography: 3D-structure reconstruction of PDL cells. We reconstructed the 3D structure of PDL cells and fibres from the data of FIB/SEM tomography.
In both the control and experimental groups, cells displayed a flattened morphology with long processes and did not have a spindle-like shape. PDL cells interacted with adjacent cells and formed a widespread cellular network between the cementum and bone ( Fig. 4a-1~3 
The orientation of cells along PDL collagen fibres differed in different areas observed in both groups. In horizontal fibres, PDL cells in the control group tended to be oriented along the longitudinal axis at vertical angles to the direction of the fibre bundles ( Fig. 4a-1 ). Conversely, cells in the experimental group were parallelly oriented with collagen bundles at the same site ( Fig. 4b-1 ). In areas of oblique fibres, PDL cells in both groups were parallelly oriented with collagen bundles ( Fig. 4a-2 ,b-2). In the apical fibre area, PDL cells exhibited a random orientation relative to the PDL fibres in both groups ( Fig. 4a-3 ,b-3). In areas displaying horizontal, oblique, and apical fibres, the average angles of PDL cells in the control group were respectively 71.89 ± 12.50, 32.34 ± 8.44, and 45.03 ± 9.81°. In areas displaying horizontal, oblique, and apical fibres, the average angles of PDL cells in the experimental group were respectively 43.34 ± 7.24, 29.55 ± 7.29, and 41.81 ± 26.89°. The PDL cellular angle in the area displaying horizontal fibres was significantly different between the control and experimental groups (P < 0.05). No differences were observed in the angle of the PDL cells in areas displaying oblique and apical fibres between the control and experimental groups (Fig. 4c ).
In ; average specific surface areas in the control and experimental groups were 3.13 ± 0.45, 5.01 ± 1.54, and 4.16 ± 0.86 μm 2 and 3.49 ± 0.36, 4.62 ± 0.91, and 3.78 ± 0.52 μm 2 ; average anisotropies in the control and experimental groups were 0.86 ± 0.07, 0.93 ± 0.05, and 0.96 ± 0.02 and 0.92 ± 0.04, 0.97 ± 0.02, and 0.92 ± 0.08; average elongation ratios in the control and experimental groups were 0.38 ± 0.13, 0.24 ± 0.18, and 0.19 ± 0.17 and 0.20 ± 0.15, 0.09 ± 0.07, and 0.20 ± 0.15; and average flatness in the control and experimental groups were 0.36 ± 0.17, 0.32 ± 0.20, and 0.31 ± 0.18 µm 2 and 0.41 ± 0.21, 0.36 ± 0.21, and 0.32 ± 0.17 μm 2 , respectively.
In areas displaying oblique fibres, average cell volume and voxel surface area differed significantly between the control and experimental groups (P < 0.05), with no differences between areas displaying horizontal and apical fibres ( Fig. 4d,e ). Specific surface area, average elongation ratio, and average flatness did not differ significantly among all areas ( Fig. 4f ,h,i). Average anisotropy in the control group differed significantly between the areas displaying horizontal and oblique fibres from those in the experimental group (P < 0.05), but not in areas displaying apical fibres ( Fig. 4g ). www.nature.com/scientificreports www.nature.com/scientificreports/ FIB/SEM tomography: 3D-structure reconstruction of PDL fibres. In both groups, PDL fibres displayed an extensively branched structure. Furthermore, the structure of collagen bundles differed among the areas observed. PDL fibres in areas displaying horizontal fibres were in an extensive meshwork containing multiple interconnected and branched bundles of fibres ( Fig. 5a-1 ,b-1). In contrast, the structure of PDL fibres in areas displaying oblique and apical fibres was chain-like, containing a few interconnected or branched bundles (Fig. 5a-2 and 3 ,b-2 and 3). Although the structure of PDL fibres in each area was similar in both groups, PDL fibres tended to be finer in the experimental group than in the control group.
We quantitatively analysed the cross-sectional area, and the lengths of the minor and major axes from 3D images of the collagen bundles. The cross-sectional areas of the collagen bundles in areas displaying horizontal, oblique, and apical fibres in the control and experimental groups were 19.20 ± 3.57, 9.98 ± 5.20, and 7.60 ± 2.65 µm 2 and 5.03 ± 1.87, 5.67 ± 2.84, and 3.56 ± 1.34 µm 2 , respectively, differing significantly between the control and experimental groups in each area (P < 0.05) ( Fig. 5c ). www.nature.com/scientificreports www.nature.com/scientificreports/ The minor axis values of cross-sections of collagen bundles in areas displaying horizontal, oblique, and apical fibres in the control and experimental groups were 4.23 ± 0.55, 2.92 ± 0.81, and 2.74 ± 0.50 µm and 2.24 ± 0.43, 2.39 ± 0.59, and 1.87 ± 0.39 µm, respectively. Values for the horizontal and apical fibres differed significantly between the control and experimental groups (P < 0.05), with no significant difference in the minor axis value in areas displaying oblique fibres (Fig. 5d ).
The major axis values of cross-sections of collagen bundles in areas displaying horizontal, oblique, and apical fibres in the control and experimental groups were 6.13 ± 0.98, 4.32 ± 1.34, and 3.76 ± 1.11 µm and 2.95 ± 0.55, 3.06 ± 0.78, and 2.48 ± 0.45 µm, respectively, differing significantly between the control and experimental groups in each area (P < 0.05) (Fig. 5e ).
Discussion
In this study, we clarified firstly and proved directly the 3D ultrastructural changes in PDL cells associated with changes in mechanical loading condition (from loading to unloading) via FIB/SEM tomography. The present results indicate that PDL cells established cellular networks, accompanied with morphological changes with changes in the mechanical loading condition. Collagen bundles in the experimental group became thinner than those in the control group. FIB/SEM tomography is useful for 3D ultrastructural and histomorphological analysis of non-uniform tissue (e.g. a complex of soft and hard tissue), although it is difficult to perform when using only conventional methods. This method enables comprehensive visualisation of samples with a size of more than 1 mm via block face imaging, although the size of samples for electron microscope is usually less than or equal to 1 mm. After comprehensive visualisation, the area for FIB/SEM imaging was selected (limited to 100 × 100 × 100 μm 3 ) from the complex tissue. The method for specimen preparation for FIB/SEM as used in this study is less destructive and susceptible to artefacts than the conventional methods, although complex tissues with different hardness are usually susceptible to artefacts. FIB/ SEM tomography is a suitable and a powerful method for comprehending the architecture of complex tissues including the bone-PDL-tooth complex.
In the control and experimental groups in the present study, PDL cells interacted with adjacent cells and established an extensive cellular network between the cementum and the alveolar bone, although the type of junction could not be determined in detail. Cellular networks have been reported in other tissues. These cellular networks may have formed via gap junctions related to various cell-cell interactions, cellular activities, and tissue functions. Furthermore, astrocytoma cells reportedly display chemotherapeutic resistance via a cellular network 21 . Moreover, PDL cells interact via gap or adherens junctions 1, 22 . In addition, PDL cells including fibroblasts may contribute to osteoclastogenesis 8 and partially regulate osteoblast behaviour via gap junctions 23 . We previously demonstrated that PDL cells, osteoblast-like cells, and osteocyte-like cells contacted each other 19 . Applied mechanical force further accelerates alveolar bone remodelling and PDL fibre bundles 1, 5 . Furthermore, the width of the PDL was kept constant during the regeneration process 2 . The present results suggest that extensive cellular networks via gap junctions may form the structural basis for bone remodelling and modifications in fibres accompanied with changes in mechanical loading condition. In the future, we intend to clarify the type of cellular junction and the extent of cellular interactions (cellular network only in the PDL or the cellular network over PDL-alveolar bones).
Furthermore, the angle formed by the long axis of the cell and the collagen bundle was altered with changes of mechanical loading condition in only the area displaying horizontal fibres. Additionally, previous studies have reported 24 the onset of collagen fibre alignment, especially at the attached ends of cellular pseudopods and between adjacent cells attached to the same collagen bundles. Thereafter, cellular morphology was altered with spreading and bipolar elongation of the cellular processes along the aligned collagen fibres. Consequently, in areas displaying horizontal fibres, cellular orientation may change due to the extrusion of tooth caused by occlusal hypofunction, which could result in PDL alteration.
The strain distribution in the PDL is suggested to be non-uniform upon finite element analysis 25 . Moreover, the effect of mechanical loading in the vertical direction on the PDL around the cervical area of the tooth is reportedly extremely small and that in the horizontal direction on the PDL around the cervical area of the tooth is larger. Moreover, changes in the area of horizontal fibres are larger than those in other areas. Notwithstanding the difference in the angle between the oblique and apical areas, both areas are constantly susceptible to changes in mechanical loading in either direction of loading. Therefore, no significant difference would be expected in the change in the angle between both areas in the control and experimental groups.
Furthermore, other parameters for analysis, including volume, voxel surface area, and anisotropy, can be analysed via non-uniform distribution of strain. Notwithstanding changes in mechanical loading, we observed no significant difference in specific surface area, elongation ratio, and flatness for each observed area. Higher values of specific surface area are significant for applications including filtrations or catalysis 26 . There are reports that fibroblasts not only synthesise collagen but also degrade it on cell surfaces during remodelling and collagen turnover 27, 28 . Collagen synthesis reportedly comprises intra-cellular and extra-cellular processes 7 . Furthermore, mechanical loading-induced type I collagen expression in PDL cells (fibroblasts) was magnitude-, duration-, and mode-dependent. It is reported that the expression of the type I collagen gene also responds (increasing or decreasing) to changes in mechanical loading condition 7 . Hence, when PDL fibres are remodelled at large distances between the tooth and the bone, a constant specific surface area of PDL cells that is unaffected by changes in mechanical loading is important.
The present results indicate that collagen bundles tend to become thinner with changes in mechanical loading condition in each area, although their 3D ultrastructure (mesh work or chain-like structure) remained unchanged. Orthodontic tooth movement reportedly induces changes in the morphology and mineralisation patterns of Sharpey's fibres, thereby potentially affecting the mechanical strength of the periodontium 29 . In single section analysis of this study, collagen bundles in each observation area were sparse and disorganised, concurrent www.nature.com/scientificreports www.nature.com/scientificreports/ with previous reports 30, 31 . Upon 3D analysis, not all collagen bundles were ruptured, despite being sparse and disorganised. Furthermore, in the present study, serial-slice SEM analysis revealed finer collagen bundles in the experimental group than in the control group. As collagen bundles became thinner, the PDL area was sparse upon single-section analysis, thereby potentially suggesting that collagen bundles became thinner upon remodelling and turnover of the bundles with changes in mechanical loading. Furthermore, in a dynamically stable situation, collagen bundles are expected to become thicker, organised, and dense.
The present study had several limitations. Firstly, the area of observation was limited (100 × 100 × 100 μm 3 ). We performed mesoscale analysis of a part of the PDL. To elucidate changes in the PDL with changes in mechanical loading condition, the ultrastructure and histomorphometric characteristics of the whole PDL need to be analysed on a multi-scale together with other imaging methods. Secondly, we only used the rO-T-O staining method for FIB/SEM imaging. Morphological and quantitative changes in PDL cells and fibres with occlusal hypofunction were elucidated in this study. Future studies should focus on functional analyses, including 3D-structural analysis combined with immunohistochemistry. Finally, we used a semi-automated and manual procedure for 3D reconstruction of cells and collagen bundles. Although we used an appropriate procedure for each subject in this study, a lot of effort was required for the analysis. It is necessary to develop a simpler procedure using artificial intelligence in the future. Future studies are required to consider and perform functional analyses including 3D analysis combined with immunohistochemistry. However, we believe that the present results will benefit future studies in this field.
In conclusion, the present study describes the 3D ultrastructural and histomorphological changes in the PDL associated with changes in mechanical loading condition (occlusal hypofunction), as revealed via FIB/SEM tomography. Our results indicate that the angle between the fibre and the cells was altered while maintaining cellular interactions with changes in mechanical loading condition. In addition, the collagen bundle of the PDL became finer than that of the control group. Collagen bundles were sparse and disorganised. These novel findings further the current understanding of structural changes in the PDL with changes in mechanical loading on a mesoscale. Furthermore, the present results may help elucidate microenvironmental changes during changes in mechanical loading condition and regeneration, and advance a wide variety of treatments in dentistry.
Materials and Methods
Animals and experimental design. All experiments were performed in accordance with the National Institutes of Health Guidelines for animal research. All animal procedures were approved by the Board for Animal Experiments of Kurume University. Six adult C57BL/6 mice were used in this study: three were used to generate a complete occlusal hypofunction model, and three were used as normal controls. Left maxillary molars were milled to prevent occlusion of the left mandibular molar. One week after surgery, three-dimensional histomorphological changes in PDL cells and collagen bundles of the first molar of the left mandible were observed and analysed via FIB/SEM tomography. The PDL region at the centre of the mesial root of the lower first molar was divided into three areas ( Fig. 6a): (1) a horizontal fibre area, (2) an oblique fibre area, and (3) an apical fibre area. In total, 45 cells and 180 cross-sections of collagen bundles were analysed in each group (15 cells and 60 collagen bundles in each area). Tissue preparation, FIB/SEM tomography, and 3D reconstruction were performed as described in our previous studies 15,19,20,32 . surgical generation of the mouse model of occlusal hypofunction. Mice were anaesthetised with isoflurane at a high flow rate of oxygen. Left maxillary molars were milled to prevent occlusion of the left mandibular molar below their gingival margins, using a dental steel bar (Fig. 6b ). One week after surgery, animals were euthanised.
Tissue preparation of EM specimens. Specimens were prepared as described previously 15, 20, 32 . Mice were anaesthetised with sodium pentobarbital (30 mg/kg) and transcardially perfused through the left ventricle with heparin (10 U/ml) in saline, followed by fixation with 2% paraformaldehyde and incubation in 2.5% glutaraldehyde in 0.1 M cacodylate (pH 7.3) buffer for EM. After perfusion, the mandible was dissected from the skull. The specimens were immersed in the same fixative for 2 h at 4 °C, washed in buffer, and then decalcified in Kalkitox solution (Wako Pure Chemical Industries, Ltd., Osaka, Japan) for 5 days. Thereafter, specimens were washed thrice in buffer for 10 min each.
Specimens were then diced and subjected to post-fixation processing and en bloc staining as described previously 15, 19, 20, 32 . Briefly, after three washes in cacodylate buffer, specimens were postfixed for 2 h in a solution containing 2% osmium tetroxide and 1.5% potassium ferrocyanide in cacodylate buffer at 4 °C, washed thrice with distilled water (DW), and immersed in 1% thiocarbohydrazide solution for 1 h. After five washes with DW, the specimens were further immersed in 2% osmium tetroxide in DW and then washed thrice with DW. Specimens were then stained en bloc in a solution of 4% uranyl acetate dissolved in DW overnight for contrast enhancement and then washed with DW. Thereafter, the specimens were further stained with Walton's lead aspartate solution for 2 h 33 , dehydrated in an ethanol series (25%, 50%, 70%, 80%, 90%, and twice in 100% ethanol for 5 min each), infiltrated with epoxy resin (Epon 812; TAAB, Aldermaston, UK), and polymerised for 72 h at 60 °C. The surfaces of the embedded specimens were exposed using a diamond knife on an Ultracut E microtome (Leica, Wetzlar, Germany). After trimming, the resin blocks were placed on a holder. FIB/SEM tomography and 3D reconstruction. FIB/SEM tomography analysis was performed as described previously 19, 20 . Serial images of the block faces were acquired via repeated cycles of sample surface milling and imaging using Slice & View G2 operating software (FEI, Eindhoven, Netherlands). Milling was performed with a gallium ion beam at 30 kV with a current of 15 nA. The milling pitch was set to 100 nm/step and 800 cycles. Images were acquired at a landing energy of 2.5 keV. Additional acquisition parameters were as follows: beam www.nature.com/scientificreports www.nature.com/scientificreports/ current = 50.8 pA, dwell time = 6 µs/pixel, image size = 2048 × 1768 pixels, and pixel size = 36 nm/pixel. The resulting image stack, segmentation, and 3D reconstructed images were processed using Fiji software (http://fiji. sc/Fiji) and Amira 6.5 software (FEI Visualization Science Group, Burlington, MA, USA). Images were observed with optional X-Y-Z plane sectioning. The 3D morphology of the cells and collagen bundles was reconstructed using a semi-automated and manual procedure 17, 20, 32 .
From 3D reconstruction data, we performed quantitative analysis of whole cells and collagen bundles within the observation range. For each group, 45 cells were analysed including 15 cells in the horizontal fibre area, 15 cells in the oblique fibre area, and 15 cells in the apical fibre area (90 cells in total in both groups). The angle between each cell and collagen bundle was measured. Using Amira software and FIB/SEM tomography, we not only obtained the XY plane but also the XZ, YZ, and arbitrary planes in the observation range. We confirmed the plane in the fibre direction using the FIB/SEM tomography data. Additionally, planes containing the vertical aspect to the direction of a fibre were obtained. Each normal vector in the fibre bundle direction was then calculated. The normal vectors of the long axis of each cell were then calculated from 3D reconstruction data. To measure the angle of each cell relative to the direction of the fibre bundle, the inner product between the normal vectors of each cell and the direction of the fibre was calculated. In addition, the volume, voxel surface area, specific surface area, anisotropy, elongation, and flatness of PDL cells were calculated. Anisotropy was determined as 1 minus the ratio of the smallest to the largest eigenvalue, with spherical objects yielding small values close to 0. Elongation was determined as the ratio of the medium to the largest eigenvalue, with elongated objects yielding small values close to 0. Flatness was determined as the ratio of the smallest to the medium eigenvalue, with flat objects being assigned small values close to 0.
Thereafter, cross-sections of the collagen bundles within the observation range were quantitatively analysed. For each group, 180 cross-sections of collagen bundles were analysed, including 60 bundles in each of the three areas. The area and the minor and major axis lengths of cross-sections of the collagen bundles were measured (total of 360 cross-sections). statistical analysis. The mixed effect model was used to evaluate differences between the control and experimental groups in each of the areas accounting for inter-correlation within a sample. For cells, the parameters for evaluation were as follows: angle between cells and the collagen bundles, volume, voxel surface area, specific surface area, anisotropy, elongation, flatness; collagen bundles: area and minor and major axis lengths of cross-sections of the collagen bundles. Results are presented as mean ± standard deviation (SD) values. Differences with P < 0.05 are considered statistically significant. Statistical analysis was performed using JMP version 13 (SAS Institute Inc., Cary, NC, USA).
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